Introduction
Flat panel displays and large area electronics based on flexible substrates are of great interest for the next generation electronic devices. Organic thin-film transistors due to their low-temperature processing and compatibility with plastic substrates have become an attractive choice for such devices. Here transistors with low operating voltages and high transconductance are needed for battery-operated applications. Several groups reported lowvoltage organic thin-film transistors (OTFTs) by employing various ultra-thin gate dielectrics [1] [2] [3] [4] [5] [6] [7] [8] [9] . Here, the main dielectric requirements are low leakage current, high capacitance and breakdown voltage in excess of 5 V.
Organophosphonic acids due to their ability to form dense monolayers on metal oxide surfaces have been implemented previously into OTFTs [2, 5, 6, 9, 10] . AlO x can be prepared by sputtering, atomic layer deposition (ALD) or by exposing Al to oxygen plasma. Previous studies have shown that exposure of aluminium to ozone in high vacuum leads to a formation of aluminium oxide films with higher density and smaller 'pore' size when compared to oxygen exposure [11] [12] . In our OTFTs the dielectric bi-layer is composed of AlO x and a 1-octylphosphonic acid. AlO x is prepared, for the first time, by oxidizing Al in a commercial UV/ozone cleaner in ambient atmosphere. AlO x preparation is studied with respect to the threshold voltage, gate-source leakage current, and the gate dielectric breakdown field of pchannel OTFTs based on thermally evaporated pentacene. In addition, AlO x layers with thicknesses up to ~ 18 nm are studied to control the gate dielectric breakdown voltage in the OTFTs.
Experimental Procedures
TFTs have a bottom-gate, top source-drain contact structure shown in Fig. 1 Set A and C were fabricated to investigate the effect of UV/ozone exposure time for fixed dielectric thickness. In set B the AlO x thickness was varied while the UV/ozone exposure time was held at 60 minutes. In addition, the AlO x thickness of sets A and C correspond to the lowest and the highest thickness in set B, respectively. Consequently, the gate dielectric in set C is about twice as thick as the one in set A. AlO x in set A was fabricated by exposing the aluminium gate to UV/ozone for t = 2, 5, 10, 20, 40 or 60 minutes. Afterwards, a 15-Å-thick layer of aluminium was deposited on top of the created AlO x and UV/ozone oxidized for the same time as the gate electrode (see Fig.   2 ). This was needed to increase the thickness of AlO x and raise the breakdown voltage to above 5 V. Additional 15-Å-thick aluminium layers were sequentially deposited and oxidized to increase further the AlO x thickness in sets B and C. The number of 15-Å-thick aluminium layers is n. n=1 for set A and n=6 for set C. In set B n is varied from 1 to 6 while the UV/ozone exposure time t is fixed at 60 minutes. Except AlO x all other TFT layers in all three sets were prepared in the same manner.
After fabrication, all samples underwent the same storage, handling and electrical characterization to provide them with identical history. The device measurements were performed with Agilent B1500A semiconductor device analyzer in ambient air. The transistor transfer and output characteristics were measured in a sweep mode. The capacitance and the breakdown voltage of the gate dielectric were measured using the capacitor structures fabricated alongside the TFTs. The capacitance was measured as a function of frequency from 1 kHz to 5 MHz. Capacitance values at 1 MHz were used to calculate the field-effect mobilities. The breakdown voltage is taken as voltage at which the current reaches 100 µA even though higher current had to be passed through the MIM structures to cause a non-recoverable effect. All transistors were measured three times before the data was taken. Although the variation in the transistor performance was not studied, the transistors exhibited high yield and similar performance.
Results
The transfer and output characteristics of TFT with n = 1 and t = 2 mins are shown in Fig. 3 . The TFT transfer characteristics for V ds = -0.1 V and -3 V are shown in Fig. 3(a) . The drain-source current I ds as a function of drain-source voltage V ds for several gate-source voltages V gs is shown in Fig. 3(b) . The off-current is ~ 1 x 10 -12 A and the on-off current ratio thinner AlO x shown in Fig. 4(a) . However, the data points are shifted downward by ∼ 0.2 V.
The right-most data points in Fig. 4(a) and the left-most data points in Fig. 4(b) correspond to the same samples prepared at different times. The same applies to the right-most data points in Fig. 4(b) and the left-most data points in Fig. 4(c) . This indicates good reproducibility of our fabrication process. When calculating the mean and the standard deviation of the threshold voltages obtained for different channel lengths of the same transistors, the standard deviation of ± 0.03 V is obtained for data in Figs. 4 (a) and 4(b), and this value increases to ~ ± 0.08 V for short UV/ozone exposure time and n=6 (Fig. 4(c) ). To summarize, the threshold voltage varies between ∼ -1.2 V and ∼ -1.9 V as a function of the AlO x preparation. Consequently, the 20-minute UV/ozone exposure leads to improved gate dielectric. Fig. 5(b) shows a gradual increase in the breakdown voltage with increasing AlO x thickness. As expected, the breakdown voltage rises from ~5 V to ~12 V when the AlO x thickness increases from 93 to 194 Å. In all cases the electric breakdown field is at least 5 MV/cm.
Discussion
The primary factor that controls the threshold voltage in the OTFTs is the UV/ozone Consequently, UV/ozone exposure times shorter than 20 minutes lead to inferior oxide formation. This can be seen from higher threshold voltages (Fig. 4) , slightly lower breakdown voltages (Fig. 5(c) ), and larger standard deviation in the threshold voltages (see above).
The threshold voltage of our transistors ranges from ~ -1.2 V to ~ -1.9 V which is somewhat higher than values published by the others [6] . This might be result of an unoptimized growth of 1-octylphosponic acid. Additional work is underway to study the material properties of AlO x prepared via UV/ozone oxidation and to improve the transistor performance.
Conclusions
We 
